Centromeric identity and chromosome segregation are determined by the precise centromeric targeting of CENP-A, the centromere-specific histone H3 variant. The significance of the amino-terminal domain (NTD) of CENP-A in this process remains unclear. Here, we assessed the functional significance of each residue within the NTD of CENP-A from Schizosaccharomyces pombe (SpCENP-A) and identified a proline-rich 'GRANT' (Genomic stabilityRegulating site within CENP-A N-Terminus) motif that is important for CENP-A function. Through sequential mutagenesis, we show that GRANT proline residues are essential for coordinating SpCENP-A centromeric targeting. GRANT proline-15 (P15), in particular, undergoes cis-trans isomerization to regulate chromosome segregation fidelity, which appears to be carried out by two FK506-binding protein (FKBP) family prolyl cis-trans isomerases. Using proteomics analysis, we further identified the SpCENP-A-localizing chaperone Sim3 as a SpCENP-A NTD interacting protein that is dependent on GRANT proline residues. Ectopic expression of sim3 + complemented the chromosome segregation defect arising from the loss of these proline residues. Overall, cis-trans proline isomerization is a posttranslational modification of the SpCENP-A NTD that confers precise propagation of centromeric integrity in fission yeast, presumably via targeting SpCENP-A to the centromere.
INTRODUCTION
The centromere is a critical locus linking the chromosome with the spindle microtubule to control precise chromosome segregation (1, 2) . CENP-A is a centromere-specific, histone H3 variant that is essential for organizing centromeric chromatin and for epigenetically defining centromeric identity (1, 3, 4) . CENP-A bears significant homology to other histone H3 variants; albeit, the ␣N helix in CENP-A is shorter than that of the canonical histone H3 structure, which may affect the flexibility of the N-terminal domain and the various DNA conformations that occur at the entrance and exit of the CENP-A nucleosome (4) .
Consistent with its epigenetic role, in vitro cell-free reconstitution experiments have shown that CENP-A incorporation is sufficient for centromere and kinetochore assembly (5, 6) . The presence of CENP-A determines the functionality of neocentromeres formed on extra-centromeric loci (7) . Consistently, disruptions in CENP-A chromatin architecture cause the loss of centromeric integrity and the formation of a chromosomal missegregation phenotype (2, 8) . Furthermore, recent studies have implicated CENP-A as a prognostic marker for many cancers, with reduced CENP-A function noted as an inhibitor of neoplastic proliferation (9) (10) (11) .
In Drosophila, the CENP-A assembly factor CAL1 is sufficient to mediate CENP-A deposition (12, 13) , whereas, in humans, amphibians, fungi, and budding yeast, the deposition of new centromeric nucleosomes requires the Holliday junction recognition protein (HJURP)/Scm3 chromatin assembly factors (14) (15) (16) . HJURP/Scm3 is a CENP-A-specific chaperone that mediates CENP-A deposition at centromeres (17) . Histone chaperones are involved in the stepwise formation of nucleosomes and affect chromatin assembly and disassembly by depositing, replacing, or removing histones (18) . In Schizosaccharomyces pombe, Scm3
MATERIALS AND METHODS

Fission yeast manipulation and microscopy (observation of progenies)
YEA, EMM2 and SPA growth media were used (39) . Cterminal gene tagging was performed as previously described (40) using strains and primers listed in Supplementary Tables S1 and S2 , respectively. The correct integration of the tag sequence was ensured by PCR, and the expression of the epitope-fused gene was confirmed by immunoblotting. Individual yeast cells were separated with a dissection microscope MSM400 (Singer Instruments, Somerset, UK).
Peptide pull-down assay and co-immunoprecipitation
The peptide pull-down and co-immunoprecipitation (co-IP) assays were performed in HB buffer (22) prior to immunoblotting or mass spectrometry. Log-phase yeast cell extracts were prepared in HB buffer (25 mM Tris-HCl pH 7.5, 60 mM ␤-glycerol-2-phosphate, 15 mM disodium-ρ-nitrophenylphosphate hexahydrate, 0.1 mM sodium fluoride, 0.5 mM sodium orthovanadate, 5% Triton X-100, 15 mM EDTA, 15 mM MgCl 2 , 1 mM PMSF, 1 mM DTT and complete protease inhibitor [EDTA-free; Roche, Basel, Switzerland]). Cells were disrupted by homogenization with glass beads (Fastprep, MP Biomedicals, Santa Ana, CA, USA) in five rounds of beating for 40 s interspersed with 5 min of rest on ice. Whole cell lysates were subsequently clarified via centrifugation at 21 000 × g for 5 min at 4
• C, before pre-clearing with streptavidin beads (Life Technologies, Carlsbad, CA, USA) or protein A or G sepharose beads (Life Technologies) on a rotating nutator for 1 h at 4
• C. For co-IP, the antibody (mouse anti-GFP or -FLAG; Roche, Basel, Switzerland) was crosslinked in bis(sulfosuccinimidyl)suberate (Sigma-Aldrich, St Louis, MO) for 30 min, quenched with 50 mM Tris-HCl, pH 7.5 for 15 min, and then washed twice in HB buffer. The precleared cell extracts were then incubated with crosslinked beads for 3 h at 4
• C. For peptide IP, the streptavidin beads were removed and the whole cell extracts (WCEs) subsequently incubated with biotin-linked peptides (Mimotopes, Victoria, Australia; see Supplementary Table S3 ) on the nutator for 2 h at 4
• C. Extracts were incubated for an additional 1 h with streptavidin beads and rotated at 4
• C. For both assays, protein-bound beads were recovered by centrifugation at 400 × g for 2 min, washed four times in 1 × HB buffer, resuspended in 50 l 2 × Laemmli buffer containing 1/20 (v/v) ␤-mercaptoethanol, and denatured at 96
• C for 5 min. For silver staining, one-third of the samples were resolved on 4-12% Bis-Tris NUPAGE Novex polyacrylamide gels in MES-SDS (NuPAGE) buffer (Life Technologies). The whole gel was subjected to silver staining, according to standard protocols. Protein bands of interest were excised and digested for mass spectrometry. The peptide sequences are listed in Supplementary Table S3. Cnp1 amino acid substitution, 6 × His-tagged protein constructs, and single-copy gene replacement Single amino acid substitution and 6 × His-tagged constructs were amplified from wild-type (WT) genomic DNA Nucleic Acids Research, 2018 , Vol. 46, No. 3 1169 with appropriate primers and high-fidelity pfu polymerase (Bioatlas, Tartu, Estonia) as per the manufacturer's instructions. PCR products were then precipitated, gel-purified, digested with appropriate restriction enzymes (New England Biolabs, Ipswich, MA, USA), ligated into pREP41 plasmid or pET-32a plasmid (for 6 × His tag), and amplified in competent TOP10 bacterial cells (Life Technologies) using selection on LB media containing ampicillin (Sigma-Aldrich). Plasmids were recovered with a QIAprep Miniprep Plasmid extraction kit (Qiagen, Limburg, Netherlands), verified by DNA sequencing (Axil Scientific, Singapore), and then transformed into selected yeast strains. 6 × His-tagged constructs were transformed and selected using BL21 competent cells (Sigma-Aldrich) under ampicillin selection. Constructs for gene replacement in the construction of the endogenous cnp1 point mutants (cnp1-E9A to Y22A) and the cnp1-4PA strain were amplified as mentioned above except when using a set of overlapping primers harboring the mutation. The resultant construct was transformed into a yeast strain bearing an endogenous copy of the cnp1 + gene replaced with a ura4 + gene at the original locus and cnp1 + HA or cnp1-1 at the extragenic lys locus. Replacement of the ura4 + gene was selected using EMM media containing 5-fluoroorotic acid (5-FOA) (MP Biomedicals). The extragenic copy of cnp1 + HA or cnp1-1 was removed by backcrossing with the wild-type strain. Sequences of all strains and primers used are listed in the Supplementary Tables S1  and S2 , respectively.
Mass spectrometry analysis, and protein abundance with em-PAI scores
Mass spectrometry (MS) analysis was performed by the Protein and Proteomics Center (National University of Singapore). The relative abundance of an identified protein between different samples was calculated with respective em-PAI scores provided by the MASCOT search results. First, the %emPAI scores of each individual protein identified was calculated by dividing its emPAI score with the sum of the emPAI scores of all the identified proteins within a sample. Then, the %emPAI scores of the same protein across different samples were directly compared to derive the relative abundance.
Expression and purification of 6 × His-tagged native proteins BL21 cells harboring 6 × His-tagged constructs were induced with 1 mM IPTG for 4.5 h for protein expression, and then lysed as per the manufacturer's instructions using the Ni-NTA Fast-Start kit (Qiagen). Lysates were then incubated with wild-type S. pombe WCE and Ni-NTA beads and then eluted. Eluted proteins were concentrated and buffer-exchanged with 20 mM NaH 2 PO 4 , pH 6.5, using a PES concentrator 30K MWCO (Pierce, Thermo Scientific, Rockford, IL, USA).
Microscopy
For nuclear phenotype observation, log-phase cells were fixed with 1/10 (v/v) glutaraldehyde on ice for 15 min, and then rinsed thrice with cold 1 × PBS before mounting onto glass slides with an equal volume of 100 g/ml DAPI stain (Sigma-Aldrich). For direct observation of GFP signals, log-phase cells were concentrated by filtration through GF/C glass microfiber filters (GE Healthcare, Little Chalfont, UK) and then fixed for 2 h in 100% methanol at −80
• C. Cells were progressively rehydrated before mounting with 1 g/ml DAPI for microscopy with a Nikon Eclipse Ti-E inverted microscope using Plan-Apo 100 × objective lens with oil immersion (Nikon, Tokyo, Japan). Image intensities were measured using the Nikon NISElements AR software and ImageJ.
Chromatin immunoprecipitation (ChIP)
Log-phase yeast cultures were fixed in 3% paraformaldehyde (Sigma-Aldrich) for 30 min on ice. The reaction was quenched with the addition of 0.0625 (v/v) of 2.5 M glycine (Thermo Fisher Scientific, Wilmington, DE, USA) and the samples washed twice in PBS, sonicated, and lysed. The samples were then immunoprecipitated with specific antibodies, which were later bound to protein A agarose (Life Technologies, Carlsbad, CA) and protein G agarose (Roche Diagnostic, Indianapolis, IN) (1:1). The agarose was washed and reverse crosslinked by incubating for >8 h at 65
• C. The immunoprecipitants were then digested with 20 mg/ml Proteinase K (Roche Diagnostics, Basel, Switzerland) for 2 h at 37
• C and extracted with 1 vol phenol:chloroform:isoamyl alcohol (25:24:1) (Nacalai Tesque, Kyoto, Japan). The aqueous layer was then ethanol precipitated, dried, and analyzed with PCR using centromerespecific primers (see Supplementary Table S2 ). The previously published sonication method and buffer composition were closely followed (30, 41) .
Cell growth measurement and serial dilution assay
For single-gene copy strains, the log-phase yeast culture was diluted to an OD 600 of 0.1 and incubated at 30
• C with shaking. Subsequent measurements at OD 600 were monitored hourly. In monitoring cell division, single yeast cells were separated via micro-manipulation with the dissection microscope MSM400 (Singer Instruments, Somerset, UK). The number of cells and divisions (per single cell) were then monitored at regular time intervals. For monitoring of cell growth, 0.2 ml of log-phase yeast culture at OD 600 of 0.5 was serial diluted in multiples of 5 in the respective growth medium, followed by spotting 2.1 l of each serial dilution onto the agar plates. Growth of cells on the plates was tracked at 30 or 33
• C, over 2-7 days.
Protein turnover rate
pRep41 plasmids bearing GFP-tagged WT or GRANTprolines substitution mutant copies of SpCENP-A were transformed into wild-type HF123 cells and selected on EMM-leu plates with thiamine repression. Gene expression was induced with the removal of the thiamine repressor for 18 h at 30
• C followed by 3 h treatment with 100 g/ml cycloheximide (Sigma-Aldrich). Cell pellet collections were performed every 30 min from the point of treatment and, thereafter, proteins were extracted and subjected to western blot analysis.
Whole cell protein extract preparation
Whole protein extracts from yeast cultures were recovered using trichloroacetic acid (TCA; Sigma-Aldrich). Logphase yeast cultures were harvested by centrifugation, reconstituted in 400 l of 20% TCA, and then homogenized with glass beads at 4
• C for 2 min. WCEs were collected and precipitated on ice for 10 min, then subsequently pelleted at 14 000 rpm for 5 min at 4
• C. Protein pellets were then washed once with 100% ethanol and resuspended in 150 l of 1 M Tris, pH 8.8 (Sigma-Aldrich). An equal volume of 2 × Laemmli buffer and 1/20 (v/v) of ␤-mercaptoethanol were added to the extract, which was then heated at 96
• C for 5 min before western blotting. All primary and secondary antibodies were diluted at 1:500 and 1:4000, respectively.
Nuclear magnetic resonance (NMR) spectroscopy
All NMR experiments were performed on a Bruker 800 Hz NMR spectrometer (Bruker Biospin GmbH, Ettlingen, Germany) at 25
• C with 2 mM peptide (Mimotopes, Victoria, Australia) dissolved in 20 mM phosphate buffer (90% H 2 O + 10% D 2 O, pH 6.5) in the presence or absence of 0.03 mM bacterially produced Ani1 and Ani2 proteins. 256 × 512 complex points were acquired with spectral widths of 7200 × 9600 Hz in t1 × t2 dimensions and a relaxation delay of 1 s. Rotating frame nuclear Overhauser effect spectroscopy (ROESY) spectra (42) 
Isothermal titration calorimetry (ITC)
ITC experiments were performed on a Microcal ITC200 (Northampton, MA). Proteins and peptides were prepared in the same buffer of 20 mM Tris (pH 8.0) and 200 mM NaCl. All samples were centrifuged and degassed at room temperature before the measurement. The sample cell was filled with 100 M Sim3 protein and the syringe was filled with 1 mM WT or 4PA peptides. Each ITC titration run was performed to saturation with 19 injections of 2 l of peptide into the sample cell (0.206 ml) containing the Sim3 at a stirring rate of 1000 rpm at 25
• C. Intervals were at 150 s, with an initial delay of 60 s. Reference power was 5. All data was analyzed by MicroCal Origin version 7.0 program.
RESULTS
A critical region within the SpCENP-A NTD ensures SpCENP-A localization for precise chromosome segregation
We adopted an unbiased approach by interrogating the functional significance of all amino acids (a.a.) in the SpCENP-A NTD. First, we generated 24 mutant cnp1 genes, replacing each a.a. from position 3 to 27 with alanine, and ectopically expressed the genes in wild-type (WT) cells to assess for a dominant-negative effect. We found that the ectopic expression of P10A to R16A mutant cnp1 induced chromosome missegregation and some growth retardation (Supplementary Figure S1A and B). No observable growth defects were seen for mutant genes outside this region (Supplementary Figure S1A -C).
To further ascertain the physiological implication of the mutagenesis results--especially pertaining to the residues that showed a functional link to chromosome segregation fidelity--we integrated these mutations into the endogenous copy of cnp1 + gene. We constructed 14 alaninereplacement mutants spanning residues 9 to 22 of the SpCENP-A NTD in the endogenous copy of the cnp1 + gene, so that cells only expressed the mutant proteins (Figure 1A) . Because the N-terminus of the SpCENP-A gene stretches from residues 1 to 20, the 21st and 22nd residues were thus situated at the boundary between the N-terminus and the ␣N-helix ( Figure 1A ) (34) . WT cells were employed as a control ( Figure 1A ; 'WT'). Similar to the ectopic expression results (Supplementary Figure S1) , point mutations affecting residues 10 through 17 led to significant chromosomal missegregation defects, whereas strains with mutations outside this region (cnp1-E9A, cnp1-R18A to cnp1-Y22A) showed WT-like growth and proper chromosome segregation ( Figure 1B and C) . From these results, we surmised that the stretch from a.a. 10 to 17 is an important regulatory region for safeguarding precise chromosome segregation. This region is hereafter referred to as the 'Genomic stability-Regulating site within CENP-A N-Terminus' or 'GRANT' motif.
Proline residues within the GRANT motif are functionally critical for the maintenance of chromosome segregation fidelity
The GRANT motif comprises four proline residues (PGDPIPRP) at positions P10, P13, P15 and P17. We performed a sequence similarity search and found that GRANT is highly conserved in CENP-A proteins, especially within the fungal kingdom, with a consensus motif of PGxPyPz(P), where x denotes D or E; y denotes I, V or L; and z denotes any amino acid. P17 and P10 appeared to be least conserved, whereas P13 and P15 appeared to be present in most of the CENP-A proteins (Supplementary Figure S2) .
To understand the physiological significance of these proline residues, we constructed a cnp1 gene with quadruple P-to-A mutations (cnp1-4PA-GFP). We noticed that the introduction of this mutation affected neither the overall protein level nor the stability of the protein with respect to that of WT SpCENP-A upon ectopic expression in WT cells (Supplementary Figure S3A and B) , suggesting that the GRANT-prolines do not coordinate proteolysis of the SpCENP-A protein as do proline residues in the budding yeast Cse4 NTD (36) (37) (38) . Furthermore, we found that ectopic expression of cnp1-4PA-GFP could retard cell growth and result in mitotic chromosome missegregation, similar to those changes observed for SpCENP-A with a disrupted GRANT region (Supplementary Figure S3C and D) .
To further investigate the role of GRANT-prolines in genomic stability, we integrated a cnp1-4PA mutation into the genomic copy of cnp1 + gene at the original chromosomal locus; this mutant replaced the original gene and became the only cnp1 copy in the mutant cell (Figure 2 ). This cnp1-4PA mutation caused a slow-growth phenotype, with numerous cells failing to engage in cell division (Figure 2A-C) . Furthermore, 43 .2% of cnp1-4PA cells displayed unequal chro- mosome segregation, of which 16% of 2N cells harbored a missegregated chromosome 1 and exhibited two CEN1-GFP spots in a single segregated nucleus (8) (Figure 2D-F) .
We performed chromatin immunoprecipitation (ChIP) against endogenous SpCENP-A using an antibody that recognizes SpCENP-A protein (43) . Compared with WT SpCENP-A protein, we observed a 79.6% reduction in the localization of SpCENP-A-4PA at the central centromeric core region ( Figure 2G ). We next constructed strains hosting a GFP-fused WT cnp1 + (WT) or mutant cnp1-4PA gene at the original locus on the genome and incorporated an additional copy of HA-tagged WT cnp1 + gene at the extragenic lys1 + locus (Supplemental Figure S4A ) to examine centromeric incorporation of the SpCENP-A protein. As expected, we observed a reduction in chromatin incorporation of the mutant Cnp1-4PA-GFP at the inner centromere relative to that of WT cells (Supplemental Figure  S4B) . In contrast, WT SpCENP-A-HA in both strains exhibited comparable binding to the inner centromeric sequence. Consistent with the reduction in ChIP signal at the centromere, we found reduced localization of the mutant Cnp1-4PA protein (30.8% reduction in mean GFP intensity; Supplementary Figure S5A-C) . Taken together, these localization studies demonstrated that the disruption of the GRANT motif resulted in the partial mislocalization of SpCENP-A from centromeric chromatin, despite an intact CATD domain.
Cis-trans isomerization of the SpCENP-A NTD
To further understand the regulation of the SpCENP-A NTD, we used affinity purification and mass spectrometry to identify potential NTD-binding proteins that would bind to a biotinylated peptide of the NTD (a.a. 1 to 20 of the SpCENP-A NTD). We co-purified a protein annotated as a FK506-binding protein 39 kDa (FKBP39) peptidyl prolyl isomerase (Supplementary Figure S6A) . Since proline residues can undergo cis-trans isomerization, we assessed Figure S6B) .
Using a peptide pulldown experiment with GFP-tagged SPBC1347.02 and SPAC27F1.06c, we confirmed their physical associations with the SpCENP-A NTD ( Figure 3A) , and this occurred in a GRANT-proline-independent manner. Previous studies have shown that CENP-B interacts with human CENP-A NTD (24) , and this interaction was used as a positive control for the assay ( Figure 3A , Supplemental Figure S7 ). These isomerases were hereafter referred to as SpCENP-A NTD isomerases 1 and 2 (Ani1 and Ani2), respectively. Reciprocal in vivo co-immunoprecipitation (co-IP) experiments with endogenous full-length SpCENP-A-GFP (expressed from the authentic chromosomal locus) and the FLAG-tagged isomerases confirmed the binding ( Figure 3B ; left Ani1, right Ani2).
We used NMR spectroscopy to assess whether Ani1 and Ani2 indeed possessed peptidyl prolyl cis-trans isomerase activity.
1 H signals in the ROESY spectra were obtained for a 14-a.a peptide (SLMAEPGDPIPRPR) that spanned the four GRANT-proline residues. In the absence of Ani1 or Ani2, no cross-peaks were observed, indicating that the speed of the cis-and trans-conformational switch was too slow to be detected under the NMR time scale (<0.1 s −1 ; Figure 3C and E). In contrast, we detected two prominent and reproducible exchange cross-peaks corresponding to Ile14 and Arg16 in the presence of Ani1 or Ani2, confirming that both isomerases could regulate the conformation of the SpCENP-A NTD ( Figure 3D and F) . No cross peaks were found corresponding to P10 or P13. Preserving the aromatic and basic nature of the original a.a., we further showed that a peptide bearing P17FR18K mutations--but not P15FR16K mutations--produced cross-peaks (Supplementary Figure S8A -D). These observations indicate that P15 as a key residue on which the isomerases induce a conformational change ( Figure 3G ). These NMR analyses showed that P15 is the major isomerized proline within the GRANT motif, confirming the data observed within the detection limit of the one-dimensional ROESY analysis.
GRANT-proline residues synergistically safeguard precise mitotic chromosome segregation
Next, we sought to investigate the in vivo cooperation among the GRANT-prolines. Since P15 and P13 were among the most conserved residues, we examined the chromosomal segregation defects associated with singlepoint mutations in these proline resides (cnp1-P15A and cnp1-P13A) relative to double-point mutations (cnp1-P13AP15A). These mutations were incorporated into the endogenous cnp1 + gene at the authentic chromosomal locus ( Figure 3H ). We observed a cumulative increase in the proportion of chromosomal segregation defects in the double mutant (43.8%) over the single mutants (cnp1-P13A, 13.6%; cnp1-P15A, 15.7%), indicating that these two prolines indeed have synergistic action. Interestingly, the severity of the chromosome missegregation phenotype observed for the double mutant approximated that of cnp1-4PA, suggesting that the function of the GRANT motif is indeed mediated by synergism between the isomerized P15 and another GRANT proline(s) ( Figure 3H ).
Ani1 and Ani2 safeguard chromosome segregation through isomerase activity in vivo
To determine whether Ani1 and Ani2 are required for chromosome segregation, we disrupted the genes encoding these two prolyl isomerases. Null mutants of ani1 (Δani1) and ani2 (Δani2) resulted in a similar chromosome missegregation phenotype as cnp1-4PA ( Figure 4A) ; the mutants also caused a de-repression of the inner centromeric DNA sequence that is associated with a disruption to centromeric chromatin architecture (47) (Figure 4B ).
The budding yeast Fpr3 has been shown to suppress a mutant of aurora B kinase in an isomerase domainindependent manner (48) . Hence, we next investigated the functional dependency of the isomerization event to mitotic chromosome segregation in vivo. We transformed Δani1 and Δani2 with WT ani1 + and ani2 + genes (under the control of the nmt41 promoter), or genes lacking the C-terminal isomerase domain (ani1ΔPPIase, ani2ΔPPIase) in the presence of thiabendazole (TBZ) ( Figure 4C ) (38, 44) . Δani1 with the empty vector showed 16.9% chromosome missegregation, which could be partially recovered (to 9.1%) by WT ani1 + overexpression. Interestingly, ani1ΔPPIase could not suppress the effects of Δani1, indicating that the isomerase activity is functionally important for safeguarding precise chromosome segregation. Similar results were also observed for Δani2 ( Figure 4C ). Consistent with this view, in vivo localization of SpCENP-A-HA at the inner centromere was greatly reduced in the absence of both ani1 and ani2 ( Figure 4D ).
Taken together, these results suggest that a defect in the isomerization of P15 by Ani1/FKBP39 or Ani2 leads to a disruption in the centromeric locus and a chromosome missegregation phenotype.
GRANT-prolines promote binding of the Sim3 SpCENP-Aloading chaperone onto SpCENP-A NTD
To identify other proteins that interact with GRANTprolines in the SpCENP-A NTD, we further interrogated the affinity purification results to find a preferential association with the WT peptide and not the 4PA peptide. We identified Sim3, a human NASP-like histone chaperone (49) ( Figure 5A ) previously reported to incorporate SpCENP-A into centromeric chromatin (20) . Further tests using exponentially modified protein abundance index (emPAI) analyses (50) confirmed that Sim3 preferentially associates with the WT over mutant SpCENP-A (normalized emPAI of 4PA = 0.54; Figure 5A ) and this physical interaction was further confirmed with a biotinylated peptide pulldown assay. Cells expressing C-terminal FLAG-tagged Sim3 (Sim3-FLAG) showed preferential binding to the WT SpCENP-A NTD over that of the 4PA mutant ( Figure 5B ). In contrast, the peptides bearing the sequence of the histone H3 NTD Figure S9B ). Finally, to ascertain a direct physical interaction between Sim3 and SpCENP-A NTD, we performed isothermal titration calorimetry (ITC) on bacterially purified recombinant Sim3 protein with SpCENP-A NTD peptides. Consistent with the co-IP results, we observed a direct binding with WT SpCENP-A NTD and Sim3 protein, with a 3-fold lower dissociation constant (K d = 1.5M) as compared with the 4PA mutant peptide (K d = 4.5 M) ( Figure 5C ). It is worth noting that, because these peptide pull-down assays were performed using the soluble part of the cell lysate, it is possible that the observed interactions occurred in the non-chromatin fraction.
To determine what effect Sim3 binding has on the chromosome missegregation phenotype in the SpCENP-A GRANT-proline mutants, we transformed WT, cnp1-P13A (P13A), cnp1-P15A (P15A) and cnp1-P13A,P15A (P13A P15A) strains with empty vector (vec) or sim3 + under the control of the nmt41 promoter and scored the chromosome missegregation frequency. Interestingly, sim3 + overexpression could restore chromosome segregation fidelity in the cnp1 mutant strains lacking the critical GRANT-prolines.
Similarly, overexpression of sim3 + was able to suppress the chromosome missegregation defects that arose from the loss of the ani1 and ani2 isomerases ( Figure 6A) .
Finally, we investigated the composite effect of the isomerases and the GRANT-prolines on the interaction of Sim3 with the SpCENP-A NTD. We performed peptide pull-down assays using WT and 4PA peptides with Sim3-FLAG in WT, single and double mutants of Δani1 and Δani2. Consistent with previous observations, the interaction of Sim3-FLAG with the SpCENP-A NTD was reduced 54% (relative fold binding, 1-0.46) by the 4PA mutations. A similar reduction of ∼43% (1-0.57) was detected for Sim3-FLAG with WT SpCENP-A NTD in the absence of both ani1 and ani2 ( Figure 6B , top gel and section on Δani1Δani2, WT). The 4PA peptide showed a similar level of Sim3-FLAG binding to the SpCENP-A NTD relative to the WT in the double isomerase deletion background (0.57-0.41) ( Figure 6B , top gel and section on Δani1Δani2, 4PA). Single null mutation of the isomerases did not grossly affect the binding of Sim3-FLAG to the WT peptide, supporting the view that these isomerases show redundancy in conferring this binding ( Figure 6B , bottom gel). Taken together, these results strongly suggest that the Ani1 and Ani2 iso- 
DISCUSSION
Proline-rich regions are commonly found in proteins of both prokaryotes and eukaryotes. These regions are variable in length, often repeated, and essential for driving specific signaling interactions. Indeed, one of the classical proline-rich stretches in cellular proteins is the PxxP motif, which binds to SH3 domains in proteins, such as tyrosine kinases, which are important in various cell functions (51) . Proline residues are unusual amino acids because of their unique structure, and they tend to act as a helix breaker, causing a few degrees of rotation (52) . Peptide bonds to proline residues can adopt both cis and trans configurations, and proline cis-trans isomerization plays a pivotal role in protein folding.
Here, we characterized the functional implications of a proline-rich stretch within the NTD of SpCENP-A (GRANT) that preserves the fidelity of chromosome segregation. We found that P15 within this domain undergoes cis-trans isomerization by two previously uncharacterized FKBP-type isomerases--denoted as Ani1 and Ani2--and show that P15 acts synergistically with the nearby P13 to ensure precise chromosome segregation, probably by regulating its interaction with the SpCENP-A loading factor, Sim3. Thus, the NTD acts as a module to localize SpCENP-A to the centromere, and this occurs alongside the canonical control of SpCENP-A localization by the CATD within the histone fold domain. Overall, our results describe a new and complementary mechanism for ensuring centromeric identity.
The NTD of CENP-A has been the focus of much recent investigation. Simulation experiments were recently used to interrogate and compare DNA flexibility between CENP-A and the canonical histone H3 variant (3,4). They confirmed previous suppositions that the ends of the CENP-A nucleosome show greater flexibility than those of the H3 nucleosome (3, 4) . The CENP-A NTD has also been implicated in the epigenetic regulation of centromeric identity (24, 34) and in the regulation of CENP-B localization (24, 35) . Exactly how the NTD contributes to the epigenetic role of CENP-A, nevertheless, remained elusive (34) . Although we show that GRANT prolines in the SpCENP-A NTD are essential for chromosome segregation, our sitedirected mutagenesis studies show that non-proline residues within the GRANT motif may also have functional implications. For example, I14 and R16 may safeguard the structural integrity of the isomerized NTD. Alternatively, these residues may act as additional sites of regulation; although, this is not necessarily mutually exclusive. Indeed, the Arg nested in the XP(R/K) motif is methylated by the N-terminal methyltransferase NRMT1 in human and fly CENP-A (53). Whether fission yeast R16 may be similarly regulated needs to be explored in future studies.
We noted a synergistic interaction among the four proline residues of the GRANT motif, with disruptions to multiple residues resulting in more severe chromosomal missegregation phenotypes. It is possible that proline isomerization cooperatively coordinates the interactions with centromeric factors, with P15 constituting the major isomerized residue to modulate conformation of the SpCENP-A NTD. Also worth noting is that P10 and P13 comprise a PxxP motif, which, as mentioned above, is a well-characterized, interacting interface or docking site for SH3 domain-containing proteins (51) . It is thus tempting to postulate that these two prolines may also act as a platform to dynamically regulate the interactions of other factors in SpCENP-A localization, of which Sim3 may be a possibility.
The physical interaction between SpCENP-A and its own loading factor Sim3 points to a self-propagating positive feedback mechanism: the NTD mediates the recruitment of Sim3, which, in turn, acts to incorporate SpCENP-A to safeguard the epigenetic inheritance of the centromeric chromatin. Sim3 facilitates the accumulation of newly synthesized SpCENP-A at the centromere both in the S-and G2-phases of the cell cycle (20) . Since no insoluble chromatin fraction was included in the peptide pull-down experiments, the interaction of SpCENP-A and Sim3 is likely to occur preferentially in the soluble, non-chromatin-bound fraction. It is possible that the NTD may facilitate the co-accumulation of SpCENP-A and its chaperone to a 'peri-centromeric' space surrounding the centromeric chromatin. We speculate that, in doing so, the GRANT motifdependent process may precede and facilitate the subsequent rapid CATD-dependent deposition of SpCENP-A by chaperones such as Sim3, Scm3 and Mis16-18 (20, 27, 28) . Such biphasic regulation, differentially controlled by two discrete regions within SpCENP-A (GRANT and CATD) can efficiently and accurately incorporate CENP-A into the centromere within a brief window in the cell cycle of fission yeast (41, 54) (Figure 7) . In this scenario, the conformational change in the NTD of SpCENP-A acts as a temporal switch to promote precise inheritance of the centromeric epigenetic state. These suppositions need to be verified in future tests.
Overall, our findings point to a novel epigenetic regulation of centromeric identity. Proline-rich stretches within the GRANT motif of the N-terminus synergize to ensure precise chromosome segregation in a CATD-independent manner. This is made possible by the cis-trans isomerization of the SpCENP-A NTD to control the physical association of the SpCENP-A-loading chaperone, Sim3, which, in turn, regulates SpCENP-A centromeric localization to ensure faithful epigenetic propagation of centromeric identity. 
